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SUL-M^J^Y 

An investigation has "been conducted by the MCA to determine 
the design-porforiiiancc characteristics of the MCA eight-stage 
axial-flov compressor and the effect of altitude on the performance. 
The compressor was tested at simulated altitudes of 50^000; 36^000; 
and 27^000 feet at rotor speeds corresponding to corq^ressor Mach 
nuiiibers of 0.80, 0.85, 0.90, and 0.35 with varying air flow at each 
speed. 

The design pressure ratio of 5;1 was obtained at an adiahatic 
temperature-rise efficiency of 83 percent, a simulated altitude of 
36,000 feet, and a con]:ressor Mach number of 0.95. f-ji appreciable 
Eeynolds number effect was shoT-rri by the decrease of 4 points in 
efficiency at a Mach nuLiber of 0.80 for an increase in simulated 
altitude from 27,000 to 50,000 feet. 



ICTEODUCTION 

The MCA eight-stage axial-flow compressor was constructed in 
order to determine the porformancc characteristics of a multistage 
axial-flow compressor based on aerodynamic principles. The pre- 
liminary investigation at the Langley Field laboratory consisted 
of performance tests at approximately sea-lcvel outlet pressure and 
rotor speeds from 5,000 to 14,000 rpm, heat-transfer tests with the 
compressor lagged, and parameter tests to establish the most suit- 
able method of presenting data. Although the estimated high effi- 
ciency was obtained, the performance at design conditions was not 
determined because of blade failure. A discussion of the test results, 
a bibliographical treatment of research on axial-flow compressors, - 
the theory of design and operation of the compressor including the 
velocity diagr£u:is on which the design was based, and the mechanical 
construction of the compressor are presented in reference 1. 
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The -invantl.'^ation of the HACA axial -flov coinpressor was con- 
tinued at the Cleveland, laooratory in 1S44 vlth the dual objective 
of determining t]:e ue3ifm---Derf orBiaace characteristics and the effect 
of altitude, or Reynolds nu!al:er, on the yerforaance. The stator 
l>''ad-s are of the original derjign but the rotor blades haa been 
r-edGsigned for improved strsngth. Altitudes of 50,000; 36/000; _and 
2-^ OOc'^feet were si:r-ulated by means of refrigerated air and altitude 
e^chaust; the range of rotor speeds corresponded to coidpressor Mach 
numbers from O.SO to 0.S5. 



APPARATUS AID TESTS 

m^!^ -.xi." I -f lo-.' c oapres so r . - The essential mechanical features 
of thi^'icr^~-sta^^o axial-f low coaprossor are shown in figures 1 
to 3. Failure of the ori^olnal rotor b].ades necessitated the fol- 
lowing alterations that, thoufc-h aerodyramically undesiraSjle, would 
increase the operating life of the blades by improving the strength 
characteristics : 

1. A semicircular fillet was cut at the point where the blade 
overhang joins the base. 

2 Th- ^mder- s^de of the blade base of the three longest rows 
(first'three) was designed to fair the circular thi-eaded section 
with the projected blade profile. 

3. The blade thici^ness was tapered fro:?, hub to tip. 

4 The finet at the root of the blade was increased from 
0.015 inch for smll blades and from 0.025 irxh for large blades to 
o!o90-inch radius for all rotor blades. 

Figure 4 shows the typical construction of the redesigned rotor 
blades ;"the shaping of the uncer side of the blades cf the first 
tiireo rows (fig. 4(a)) might have been desirable for all rotor blades 
but the shorter blades (fig. 4(b)) have less stress at tne root. The 
extension on the end of the th-eaded shanl: was designeu as a friction 
lock -n the orviinal blades but was retained in the present aesign 
of the shorter bladec only for djTnanic balance. In oraer to elimi- 
nate anv possibility of blade turning, which may have caused tne 
previous failure, all blades were secr.red in the rotor by iirm- 
fitting th^-eads and spot-peen-.ns cf the mating blade-base and rotor 
surfaces. 

At the moan apan of the rotor blades, the blade section in the 
new -design is identical to the original design. (3oe table 1, ref- 
erence 1.) The mean camber line and the chord length are tne sjane 
at all radii but the thicl^iness is varied linearly from hub to tip. 



MCA ACE No. E4L21 



3 



The thickness of the iDlades in the first tvo rotor rovs varies 
from 12 percent of the chord at the huh to 6 percent at the tip. 
On the other rotor hlades the rate of taper - that is^ the change 
in percentage thicioiess per unit length along the span - is the 
saiae as for the second rotor rov. For any given section^ the thick- 
ness is changed hy the same proportion at all points along the mean 
car/iber line. The chord length of the "blades in the first four rovs 
is 1.35C inches and in the last four roirs^ 1.013 inches. 

Test setup. - The general arrangement of the compressor test 
setup is shoTO in figure 5. The compressor was driven through a 
cradled gearhox "by tvo 300-horsepower dynamometers connected in 
tandem. A central s^.^stem supplied refrigerated air to the com- 
pressor; the inlet-air temperature vas automatically controlled. 
The air floTfed tlirough an inlet duct into a depression tanli" 4 feet 
in diameter and 6 feet long immediately ahead of the compressor. 
A Bailey adjustahle orifice and a submerged VDI standard orifice 
0 inches in diameter \rere located in the inlet duct. The depres- 
sion tanl-: was fitted with a screen^ felt filter^ and honeycomh 
straightening vanes to insure an air stream free of foreign parti- 
cles and of uniform velocity at the compressor entrance. The air 
discharged from the compressor flowed through an 8-inch duct and 
was exhausted into the central altitude- exhaust systeii. Air flow 
was regulated "by electrically operated tlirottles in the inlet and 
the outlet ducts. The ducts^ the depression tank^ and the com- 
pressor were insulated with a 6-inch layer of felt. 

Independent luhricating systems were used for the front and 
the rear hearings. Suction was applied to the low-pressure side 
of the oil system^s to prevent oil from "being forced into the air 
stream. Pressure-actuated switches were used to cut off the dyna- 
mometer power supply and prevent operation of the setup with insuf- 
ficient oil pressure. The power suppljr was also automatically cut 
off when predetermxinod limiting hearing temperatures were encountered. 

In s t r urn ent a t ion. - Pressure and temperature measurements were 
made in accordance \T±th the recommendations of references 2 and 3. 
Figure 6 shows the location of the various measuring stations. The 
air temperatures at the Bailey adjustahle orifice and the inlet tem- 
peratures in the depression tank were measured with iron- cons tantan 
thermocouples. The thjree thermocouples in the tank were placed near 
the walls 130^ apart and at the center. At the VDI orifice and in 
the discharge duct^ iron- cons tantan thermocouples mounted in axial- 
vent temperature prcoes were used. The two probes in the outlet 
duct were arranged diametrically opposite. The cold junctions of 
all thermocouples were placed in an ice hath to maintain a cold- 
junction temperature equal to that at which the thermocouples had 
been calibrated. A calibrated potentiometer was used to measure 
the difference in potential between the hot and the cold junctions. 
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Mercury mnorieters Fere used to measure all pressures except 
the pressure drop at the orifices. A vater Lianorneter was used at 
the Bailey orifice; and a water microiioanoiaeter vas used at the 
VDI orifice "because of the slight change in pressure drop with 
change in air flow. Only static pressures were measured in the 
depression taiilc "because the velocity pressure was negligible . Com- 
pressor speed was Lianually controlled and was periodically checked 
with a Clirono-Tachometer. 

Tests. - The tests were begun v/ith a single 300-horsepower 
dynamometer driving unit. Because of this power limitation the 
initial tests were run at inlet condit-jons approximating conditions 
at 50^000 feet (3.44 in. Hg and -67^ F) . The tests were run at 
compressor Mach numbers from O.SO to 1.0; only one point was obtained 
at a compressor Mach niirnber of 1.0^ however, because of power limi- 
tation. Tests were then made at a simulated altitude of 36,000 feet 
but at compressor Mach nimbers lower than 1.0. A large Reynolds num- 
ber effect was indicated but, owing to the difficulty in maintaining 
a constant inlet pressure, the data were scattered at all speeds. 

The tests at 38,000 feet were resumed with an additional 
300-horsepower di^Txamometer but were again interrupted when the mercury 
in the manometer board was sucked tlirough the compressor. An inves- 
tigation revealed that the leading edges of the third, the seventh, 
and the eighth stages of the rotor blades had been damaged. The 
edges were smoothed by hand and traps were installed on the manometer 
board to prevent anothaDr such occurrence. V/lien the compressor was 
disassembled, it was also found that the thjrust bearing had worn and 
had allowed the rotor to move forward. The ends of the stator blades 
of the second row had scraped the rotor because of the taper of the 
rotor. Although all the stator blades of this row were scraped, the 
rotor showed signs of contact only on one side, which indicated that 
a critical speed had been encountered. From subsequent vibration tests 
it was found that the critical rotor speed was in a range from 15,000 
to 21,000 rpm, which included the design speed. 

Tests with the reassembled compressor were m.ade at compressor 
Mach numbers of 0.80, 0.85, O.SO, and 0.95 at a simulated altitude 
of 36,000 feet; at compressor Mach numbers of 0.80, 0.85, and 0.90 
at a simulated altitude of 50,000 feet; and at a compressor Mach 
nijmber of 0.30 at a simulated altitude of 27,000 feet. No data were 
taken at a compressor Mach number of 0.95 and altitude of 50,000 feet 
because the bearing lubricating oil was sucked through the compressor. 
At an altitude of 27,000 feet, only a compressor Mach number of 0,60 
was run because of power limitations. 
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RESULTS ATC DISCUSSION 

The adia'batic teiuperature-rise efficiencies t]^ and pressure 

ratios V^^/Vi^ and P2_/Pi are "based on total^pressure meas- 

J. / 1 T/ T 

tirements either m the outlet pipe p^ or after the last rov of 

stator blades p^ . The teiaperature rise iDetveen the inlet depres- 
sion tank and the outlet pipe vas used in deterraining the efficiencies 
for both total-pressure measureraents. The perforaanco characteris- 
tics are presented as functions of the v:.uune flov (cu ft/i7iin) 
corrected to MCA standard sea-level temperature, 60 

where 

Q-^ inlet volume flov, cubic feet per second 

e ratio of absolute inlet-air temperature to standard sea-level 

absolute tenperature 

The performance charactori-tics shcT-m in figure 7 were obtained 
from pressures talren in the inlet depression tank and at the exit of 
the last row of stator blades. At 36,000 feet and a compressor Mach 
number of 0.95, the design pressure ratio of 5:1 was reached with a 
peak efficiency of 83 percent at this speed. Tlie highest efficiency 
obtained in the tests was slightly more than 85 percent at 
27,000 feet. The Mach number at wliich the compressor operates most 
efficiently is between 0.G5 and 0.30. 

The curves of figure 7 show an appreciable Re;.rnolds number 
effect on the compressor performance; at a compressor Mach number of 
0.80 the peak efficiency was 81 percent at 50,000 feet, 85 percent 
at 36,000 feet, and 85 percent at 27,000 feet. The Ee^Tiolds number 
for which a particular compressor stage should be designed cannot be 
determined from these over-all results because the Eeynolds number 
varies from stage to stage. Calculations show that the average 
Ee:^niold3 number across the compressor blading is a-pT)roximately 50,000 
at 50,000 feet; 100,000 at 35,000 feet; and 150,00b"at 27,000 feet. 

The pressure distribution tlirough the compressor at the point 
nearest the design pressure ratio of 5:1 at 36,000 feet and a' com- 
pressor Mach number of 0.95 is shown in figure 8. The last stages 
of the compressor are operating more effectively and giving a better 
pressure distribution at the design point than was obtained at the 
low speeds in previous tests. (See fig. 9 of reference 1.) 
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Figure 9 shows the coBtoressor characteristics obtained from 
meaci-reEents :n the in].et tank aiid the outlet pipe, which include 
the losses in the scroll collector. The loss in efficiency due 
to the scroll is ahout 4 points. 

The effect of the damage done hy the mercury may he seen in 
figure ].0. Becai-sa the leading ed^es of the blades had been 
dejaaged, the efficiency was decreased about 1 point and the flow 
was also slightly decreased. These curves are based on measure- 
ments in the outlet pipe at altitude conditions of 33,000 feet. 

VJith new blades and at Re:iTiolds numbers encountered at sea- 
level 'conditions the efficiency of the corapressor based on measure- 
ments ir the outlet pipe would probably be about S4 percent; the 
Tjealc efficiency reported in reference 1 was 87 percent at an inlet- 
air temperature of apr^rcximately SO'-" F and pressure of approximately 
10 inches of mercury. Tlie operating differences that may account 
for tbe differences in pei-formance obtained in the present tests and 
those'of reference 1 mr.y be the changes in rotor-blade design, 
lagpinp- of tbe compressor in the present tests (or heat-transfer 
effectt TReynolds manber effect, and possible error in measurements 
due to nonukiforiii inlet-axr temperatures in the tests of reference 1. 

In general, the compressor handled a somewhat smaller auan^ity 
of air e.t a 3].ightiy higher pre'jsure ratio than that for which it 
was designed. This discrepancy is prDbably due to the fact that 
the design on which the comprcsscr was based was new and, therefore, 
soFs of the initial assumptions as to losses from blade tip clear- 
ances, size of root fillets, wall friction, and blade interference 
were slightly in error. 

The redesigned blades proved highly satisfactory as to strength 
reauirements. At the termination of this investigation, the compressor 
had been run about 550 liours ever a large range of speeds, tempera- 
tures, pressures, ar.d leads, and no stresa or fatigue trouble had 
been encountered. 



CCSCLUSIOl^ 



1. The imCA eight-stage axial -flow compressor attained the 
design* pressui^e ratio of 5:1 at an adiabatic teiaperature-rise offi- 
ce encv of 33 percent, demonstrating that axial-flow compressors of 
high efficiency vith a much higher pressure z-atio per stage than had 
previously been obtained can be designed by the use of proper velocity 
diagrsuns and present airfoil theory. 
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2. The effect of Reynolds nujnber on compressor performance is 
larger than had "been generally assijoned; an increase in simulated 
altitude from 27,000 feet to 50,000 feet resulted in a drop of 
4 points in efficiency. 

Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 2. - NACA eight-stage axial-flow compressor with upper half of casing removed. 
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Figure 3. - Lower half of casing showing entrance guide vanes, stator blades, and 
section of scroll collector. 
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Figure 5. - Setup of equipment for tests of axial-flow compressor showing compressor 
and discharge duct with lagging removed* 
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Figure 6. - Compressor setup showing location of pressure and temperature measuring 
stat Ions. 
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Figure 7— Performance characteristics of NACA eight-stage axial- flow 
row of blades. Tests were not run to surge point. 
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Figure 8. - Pressure variation from inlet tank to discharge 
duct at compressor Mach number of 0.95, altitude of 36,000 
feet, and pressure ratio of 5:1. Compressor entrance, C E; 
after guide vanes, GV; after each row of rotor blades, |r. 
.8r; after each row of stator blades, Is,. .8s. Pressure 
through compressor determined from static taps in casing. 
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Figure 9- Performance characteristics of NACA eight-stage ax.al-flow compressor based on measurements in inlet tank and 
outlet duct. Tests were not run to surge point. 
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Figure 10.— Effect of bJade damage on performance characteristics of NACA 
eight-stage axial-flow compressor. Altitude, 36,000 feet; compressor Mach 
number, 0.80. 



